The performance of dye-sensitized solar cells (DSSC) based on natural dyes extracted from five different sources is reported. These are inexpensive, have no nutritional use, and are easy to find in Mexico. The solar cells were assembled using a thin film and a TiO2 mesoporous film on ITO-coated glass; these films were characterized by FTIR. The extracts were characterized using UV-Vis and typical I-V curves were obtained for the cells. The best performance was for Punica Granatum with a solar energy conversion efficiency of 1.86%, with a current density Jsc of 3.341 mA/cm 2 using an incident irradiation of 100 mW/cm 2 at 25 ºC.
Introduction
Dye-sensitized solar cells (DSSCs) are a new type of solar cells developed by Grätzel et al [1] . These are composed of nanocrystalline porous semiconductor electrode-absorbed dye, a counter electrode, and an electrolyte of iodide-triiodide ions. DSSCs are based on the photosensitization produced by the dyes on wide band-gap mesoporous metal oxide semiconductors; this sensitization is due to the dye absorption of part of the visible light spectrum [2, 3] . In this sense, the sensitized dye plays an input role in absorbing sunlight and transforming it into electric energy.
Several metal complexes and organic dyes have been synthesized and used as sensitizers including porphyrins [4] , phtalocyanines [5, 6] , platinum complexes [7] , fluorescent dyes [8] , among others.
Ru-based complexes sensitizers have been widely used because they have better efficiency and high durability. However, these advantages are offset by their high cost, their complicated synthetic routes and the tendency to undergo degradation in presence of water [9] .
The use of natural pigments as sensitizing dye for the conversion of solar energy in electricity is interesting because, on one hand it enhances the economical aspect and, on the other, it has significant benefits from the environmental point of view [10, 11] . Natural pigments extracted from fruits and vegetables [12] [13] [14] , such as chlorophyll and anthocyanins, have been extensively investigated as sensitizers for DSSCs . Recently Calogero et al. reported that a conversion efficiency of 0.66% was obtained using red Sicilian orange juice dye as sensitizer [14] . Wongcharee et al. employed rosella as sensitizer which achieved a conversion efficiency of 0.70% [15] . Roy et al. indicated that using Rose Bengal dye resulted in 2.09% conversion efficiency [16] . Wang et al. used the Coumarin derivation dye as sensitizer with an efficiency of 7.6% [17 -20] .
In this paper, we report the performance of 5 natural dyes extracted from Festuca ovina, Hibiscus sabdariffa, Tagetes erecta, Bougainvillea spectabilis, and Punica granatum peel; these sources have no nutritional use hence their use poses no conflict related to the issue of energy production; additionally, they are inexpensive and easy to find in Mexico.
Experimental

Preparation of Dye-Sensitizer Solutions
All dye sources were harvested in central Mexico (Queretaro), grounded in a mortar to obtain a fine powder and dried to reach constant weight at 40 °C,. 20 g of each of these powders were placed in amber glass bottles of 40 mL and filled with methanol; these solutions were kept for one week at room temperature and in dark conditions. The extracts were filtered and centrifuged separately to remove any solid residue and stabilized at pH = 4.0 by the addition of an aqueous solution 1N of HCl. The dye solutions were stored in the dark and refrigerated at 4 °C [21] .
Electrodes Preparation
The conductive glass plates were ITO-coated glass slides (In 2 O 3 :SnO 2 ) with a sheet resistance of 30-60 Ω/cm 2 , 84% transmittance nominal at 550 nm, dimensions (L,W,D) of 25 x 25 x 1.1 mm. Titanium oxide (TiO2) nanopowder (mesh 320) (Aldrich) and the solvents, ethanol and acetonitrile (Aldrich), were analytic grade; they were used as received. ITO substrates were ultrasonically cleaned in an ethanol-water mixture for 30 min and then heated at 450 ºC for 30 min prior to film deposition. The photo-anodes were prepared by depositing two TiO 2 films on the cleaned ITO glass: for the first one, the ITO glass was immersed in a sol-gel solution containing a mixture of titanium isopropoxide, water and isopropanol at concentration 2:1:25 vol; the immersion was at constant speed (1.5 cm/min) [22] ; the coated glass was heated at 450 °C for 30 min producing a densified TiO 2 thin film; this isolates the dyeactivated porous TiO 2 layer from the conductor glass. Subsequently, two opposite edges of the ITO glass plate were covered with adhesive tape (Scotch 3M) to control the thickness of the film; finally, a TiO 2 paste was spread uniformly on the substrate by sliding a glass rod along the tape spacer. The TiO 2 paste was prepared by mixing 3.0 g of TiO 2 nano-powder, 10 mL of nitric acid 0.1 N and 4 mL of polyethylene glycol; this suspension was stirred in a closed glass container for 24 hours to obtain a smooth paste with the appropriate viscosity. The film was heated at 450 ºC for 60 minutes resulting in a mesoporous opaque film with a thickness of around 8-10 μm. The TiO 2 photo-anodes were first soaked for 12 h in HCl and then immersed in the natural dye solutions for one night at room temperature, according to published procedures [9] . Later, the photo-anodes were rinsed with distilled water and ethanol and dried. Carbon coated counter electrodes were prepared following a procedure reported elsewhere [23] .
DSSC Assembling
An electrolyte solution was prepared as reported elsewhere [9] : 0.1 M of I2 was mixed with 0.05 M of LiI and 0.05 M of 3-methoxypropionitrile in 50 mL of acetonitrile (C 2 H 3 N) and stirring for 60 minutes. This electrolyte solution was poured in the mesoporous TiO2 film which was previously prepared using paraffin-film as framework to seal the cells against an acid attack. The counter electrode was pressed against the impregnated anode and clamped firmly in a sandwich configuration. No leaks (solvent evaporation) were detected.
Characterization
The topology of the TiO 2 films was obtained using a scanning electron microscope (SEM) Jeol JSM-6060LV operated at 20 kV in secondary electron mode with different magnifications; the samples were previously covered with a gold film. The particle size and the particle size distribution of the commercial TiO 2 particles were determined using a light scattering apparatus Brookhaven Instruments model BI200SM, equipped with a high speed digital correlator PCI-BI9000AT, a solid-state photon detector and a He-Ne laser of 35 mW Melles Griot 9167EB-1 as a light source. The crystalline structure of the TiO 2 thin film was determined using a diffractometer Rigaku model Miniflex+ equipped with a radiation source of 1.54 Å and the angle 2Θ was varied from 5° to 80° at a scan of 2 °/min. FTIR and -Ramman spectra of the initial and the modified ITO-glass substrate were obtained using a FT-IR Sentra Bruker spectrometer and a Ramman Nicolet spectrometer model 910. Absorption spectra were obtained using a UV-Vis spectrometer Genesys 2PC. The DSSCs were illuminated using a 300 W Halogen lamp with an incident power of about 100 mW/cm 2 , in an illumination area of 0.96 cm 2 ; UV and IR filter glasses were used in front of the sample. Photocurrent and photovoltage were measured using a Keithley 2400 source meter and the incident light power was determined using a Powermeter Thor Labs S130A (0-300 mW) and a Spectrometer Ocean Optics HR 400. Figures 1 and 2 show the absorption spectra in the region from 250 to 450 nm and the absorption spectra in the region from 450 to 700, respectively, for the five extracts diluted in methanol. In the case of Festuca ovina, one region of maximum absorbance was found in the blue close to 420 nm and other in the red close to 660 nm; this is consistent with the peaks of maximum absorbance of chlorophyll A [24] . However, due to weak definition in both regions, the existence of a mixture of chlorophyll B should be inferred, with a higher proportion of chlorophyll A. A similar case happens with Punica granatum in which a maximum absorbance region was found in the range from 300 to 400 nm corresponding to a mixture of anthocyanins [25] .
Results and discussion
Absorption Spectra
For the case of Hibiscus sabdariffa, Figures 1 and  2 show the typical absorption spectra obtained by Enrico Prenesti et al. for Hibiscus sabdariffa flowers at pH 4 that corresponds to a mixture of anthocyanins [26] .
For Tagetes erecta, the absorption spectrum indicates the presence of lutein in the group of the xanthophylls with characteristic peaks between 300 to 350 and between 450 to 500 [27] .
For Bougainvillea, two peaks were found: the first one around 480 nm and the second one at 535 nm; they are attributable to the betanin or the bougainvillein-r [28] .
IR and Raman Spectra
In Figures 3a through 3c , the IR absorption spectra of TiO2 films are shown; the ITO conductor glass presents two peaks (Figure 3a ) at 770 and 915 cm -1 . Figure 3b shows the spectrum of the TiO2 film on the ITO conductor glass where it is possible to see the ITO characteristic peaks at 757 and 923 cm -1 ; these bands mask the characteristic peak of TiO 2 (700 cm -1 ). However, this figure shows a significant change in the chemical structure as evidenced by the shift of the first peak from 770 to 757 cm-1 (approaching to the TiO 2 typical peak at 700 cm -1 ). Figure 3c shows the IR spectrum of the conductor glass with two layers of TiO 2 . Due to the higher concentration of TiO2 present in the sample, a small peak near 770 cm -1 and two characteristic peaks (757 and 954 cm-1) of conductor glass were obtained; a third peak around 1584 cm -1 was associated mainly to the presence of moisture within the TiO 2 . 
Structure and Surface Characteristic.
The particle size and the particle size distribution of the commercial TiO2 particles were determined by DLS resulting on (285 ± 15) nm. The TiO 2 surface morphology is shown in Figures 4a and 4b . Figure 4a shows a compact (no pore) structure of the first of TiO 2 thin layer obtained by immersing the ITO plates into a titanium alkoxide sol-gel precursor. This thin film acts as an insulator between the ITO layer and the dye-activated porous TiO 2 layer. Some authors [12] have proved the usefulness of the compact layer to achieve a higher efficiency in the performance of the DSSC. On the other side, Figure 4b shows the surface of the thick TiO 2 coating obtained by the screenprinting technique; here it is possible to see a homogeneous mesoporous surface formed by the TiO 2 nanoparticles. The nanoporous structure is useful because it has a high effective surface area where the molecules of the extracts can be linked. 
Photoelectrochemistry
Photovoltaic tests of DSSCs using five different extracts from natural sources as sensitizers were performed by measuring the current-voltage (I-V) curves under irradiation with white light (100 mWcm−2) from a 300 W halogen lamp. The performance of natural dyes as sensitizers in DSSCs was evaluated by short circuit current Figure 5 shows the typical I-V curves of the DSSCs using the sensitizers extracted from Festuca ovina, Hibiscus sabdariffa, Tagetes erecta, Bougainvillea spectabilis and Punica granatum peel; the photopower curves are shown in Figure 6 .
Hibiscus sabdariffa and Punica granatum extracts have the best performance parameters, both extracts corresponding to anthocyanins, because the chemical adsorption of these dyes occurs due to the condensation of alcoholic-bound protons with the hydroxyl groups on the surface of nanostructured TiO2 [29] .
Tagetes erecta also had good photoelectrochemical parameters due to the presence of lutein, which also contains hydroxyl groups but a lesser amount of anthocyanins.
On the other hand, Bougainvillea extracts contain betaxanthin and betacyanins, each one with absorptions at different wavelengths, helping the cell to capture photons of two different energies Zhang [9] , meaning that it has acceptable photochemical parameters.
This four extracts displayed interesting photoelectrochemical performance parameters because they are helped by the electrolyte composed of 0.1 M I 2 /0.05 M LiI/0.05 M 3-methoxypropionitrile in acetonitrile (C 2 H 3 N); in addition to this, there is the presence of a compact TiO 2 under-layer (i.e. the overcrowding layer). 
Conclusions
The Festuca ovina, Hibiscus sabdariffa, Tagetes erecta, Bougainvillea spectabilis and Punica granatum extracts were studied as natural dyes for DSSCs. Some of the results are consistent with those reported previously; however, a higher FF was obtained due to the presence of the insulating TiO2 layer; this being an important parameter in the evaluation of the solar cell performance because it is the ratio of the maximum obtainable power to the theoretical power. One important finding was that the mixture of betaxanthin and betacyanin produce solar cells with good performance because the absorption at different wavelengths of betaxanthin and betacyanin increases the absorption of photons of different energies. The presence of the hydroxyl group was found to favor the chemical adsorption of these dyes on the surface of TiO2 improving the electron transfer. It is important to characterize previously the extract from different sources in order to find the best efficiency and the low cost.
